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ABSTRACT
Context. In the inner regions of asymptotic giant branch (AGB) outflows, several molecules have been detected with abundances much
higher than those predicted from thermodynamic equilibrium chemical models. The presence of the majority of these species can be
explained by shock-induced non-equilibrium chemical models, where shocks caused by the pulsating star take the chemistry out of
equilibrium in the inner region. Moreover, a non-uniform density structure has been detected in several AGB outflows. Both large-
scale structures, such as spirals and disks, and small-scale density inhomogeneities or clumps have been observed. These structures
may also have a considerable impact on the circumstellar chemistry. A detailed parameter study on the quantitative effects of a
non-homogeneous outflow has so far not been performed.
Aims. We examine the effects of a non-uniform density distribution within an AGB outflow on its chemistry by considering a stochas-
tic, clumpy density structure.
Methods. We implement a porosity formalism for treating the increased leakage of light associated with radiation transport through
a clumpy, porous medium. We then use this method to examine the effects from the altered UV radiation field penetration on the
chemistry, accounting also for the increased reaction rates of two-body processes in the overdense clumps. The specific clumpiness
is determined by three parameters: the characteristic length scale of the clumps at the stellar surface, the clump volume filling factor,
and the inter-clump density contrast. In this paper, the clumps are assumed to have a spatially constant volume filling factor, which
implies that they expand as they move outward in the wind.
Results. We present a parameter study of the effect of clumping and porosity on the chemistry throughout the outflow. Both the
higher density within the clumps and the increased UV radiation field penetration have an important impact on the chemistry, as
they both alter the chemical pathways throughout the outflow. The increased amount of UV radiation in the inner region leads to
photodissociation of parent species, releasing the otherwise deficient elements. We find an increased abundance in the inner region
of all species not expected to be present assuming thermodynamic equilibrium chemistry, such as HCN in O-rich outflows, H2O in
C-rich outflows, and NH3 in both.
Conclusions. A non-uniform density distribution directly influences the chemistry throughout the AGB outflow, both through the
density structure itself and through its effect on the UV radiation field. Species not expected to be present in the inner region of
the outflow assuming thermodynamic equilibrium chemistry are now formed in this region, including species that are not formed in
greater abundance by shock-induced non-equilibrium chemistry models. Outflows whose clumps have a large overdensity and that
are very porous to the interstellar UV radiation field yield abundances comparable to those observed in O-rich and C-rich outflows for
most of the unexpected species investigated. The inner wind abundances of H2O in C-rich outflows and of NH3 in O-rich and C-rich
outflows are however underpredicted.
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1. Introduction
The asymptotic giant branch (AGB) phase of stars with an ini-
tial mass up to 8 M is characterised by strong mass loss via
a stellar outflow or wind. The outflow removes the outer stel-
lar layers and creates an extended circumstellar envelope (CSE).
Through their outflows, AGB stars eject nuclear reaction prod-
ucts in the form of gas and dust into the interstellar medium
and hence play an important role in the chemical enrichment of
the Universe (Habing & Olofsson 2003, and references therein).
The AGB outflow can be split up into three dynamically and
chemically different regions: the inner region close to the central
star in which the material experiences shocks caused by stellar
pulsations and in which the first chemical processing of photo-
spheric gas takes place; the intermediate region where dust con-
denses from the gas phase and material is accelerated outward;
and the outer region where the material has reached its termi-
nal velocity and the chemistry is dominated by photodissocia-
tion caused by the penetration of interstellar UV photons. The
molecular composition of the CSE is determined by the elemen-
tal carbon-to-oxygen abundance ratio of the AGB star because of
the large binding energy of CO. Oxygen-rich stars have C/O <
1, and therefore an oxygen-rich chemistry throughout their out-
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flows. Similarly, carbon-rich stars have C/O > 1 and a carbon-
rich chemistry.
The initial molecular composition of the outflow is estab-
lished by the physical circumstances in its innermost region.
Thermodynamic equilibrium (TE) can be assumed at the stellar
surface, which leads to a certain molecular composition with a
clear O- or C-rich signature (Willacy & Cherchneff 1998). How-
ever, several molecular species have been detected that are ex-
pected, under the assumption of TE chemistry, either to be absent
in the inner wind or to have a smaller abundance than observed in
the outer regions. In this paper, we refer to these species as unex-
pected species for convenience and brevity. In O-rich outflows,
there are detections of several unexpected C-rich molecules such
as HCN, CS, and CN (Omont et al. 1993; Bujarrabal et al. 1994;
Justtanont et al. 1996). Similarly in C-rich outflows, for exam-
ple, warm H2O and CH3CN have been detected close to the cen-
tral star (Decin et al. 2010a; Neufeld et al. 2011; Agúndez et al.
2015). In both O- and C-rich outflows, NH3 has been detected
in greater abundance than predicted by TE (Keady & Ridgway
1993; Menten & Alcolea 1995; Menten et al. 2010; Wong et al.
2017). To reproduce the unexpectedly high observed abundances
of these molecules in the outer wind, the chemical models of
Willacy & Millar (1997) and Willacy & Cherchneff (1998) relied
on the injection of molecules bearing the deficient element. A
proposed solution to these discrepancies in abundance is to take
into account the non-equilibrium character of the chemistry in
the innermost region of the wind. In this region, the chemistry is
taken out of TE due to shocks caused by the pulsating AGB star
(e.g. Duari et al. 1999, Cherchneff 2006, Gobrecht et al. 2016).
These shock-induced non-equilibrium chemistry models are able
to reproduce most observed abundances, but fail to account for
observed abundances, such as the NH3 abundance in the O-rich
star IK Tau (Gobrecht et al. 2016), for example.
Clumpy structures, and non-uniformity in general, have
been widely observed in AGB outflows. Both large-scale struc-
tures, such as spirals (e.g. Mauron & Huggins 2006, Maercker
et al. 2016) and disks (e.g. Kervella et al. 2014), and small-
scale inhomogeneities or clumps (e.g. Khouri et al. 2016, Agún-
dez et al. 2017), have been detected. As an alternative to the
shock-induced non-equilibrium models, Agúndez et al. (2010)
proposed the penetration of interstellar UV photons into the in-
ner wind due to the clumpiness of the outflow. By allowing UV
photons to reach the otherwise shielded inner region of the out-
flow, the CO and N2 bonds can be broken and the deficient ele-
ment (C in O-rich outflows, O in C-rich outflows, N in both) is
released close to the star. Agúndez et al. (2010) assumed that a
certain fraction of UV photons is able to reach the inner wind
uninhibited, but did not take the clumpy density distribution of
the outflow into account. Their model results in abundances of
unexpected molecules well above TE for both O- and C-rich out-
flows, and produces NH3 in both.
In this paper, we include a clumpy density distribution in
our spherically symmetric chemical model by implementing a
porosity formalism. The porosity formalism provides us with a
mathematical framework that not only describes the effect of a
clumpy outflow on its optical depth (and thereby on the penetra-
tion of UV photons, i.e. porosity), but also allows us to take the
local overdensities (i.e. clumping) into account in the chemical
model. We explore the parameter space of the formalism for both
O- and C-rich outflows with various mass-loss rates, and study
its effects on the abundances of the unexpected species. We con-
sider two scenarios: (i) a simplified outflow where all material
is located in mass conserving clumps, and (ii) a perhaps more
Table 1: Physical parameters of the CSE model.
Mass-loss rate M˙ 10−5, 10−6, 10−7 M yr−1
Stellar temperature T∗ 2000 K
Stellar radius R∗ 5 ×1013 cm
Outflow velocity ν∞ 15 km s−1
Exponent temperature power-law  0.7
Table 2: Parent species and their initial abundances relative to H2
for the C- and O-rich CSE. Taken from Agúndez et al. (2010).
Carbon-rich Oxygen-rich
Species Abundance Ref. Species Abundance Ref.
He 0.17 He 0.17
CO 8 × 10−4 (1) CO 3 × 10−4 (1)
N2 4 × 10−5 (2) N2 4 × 10−5 (2)
C2H2 8 × 10−5 (3) H2O 3 × 10−4 (4)
HCN 2 × 10−5 (3) CO2 3 × 10−7 (5)
SiO 1.2 × 10−7 (3) SiO 1.7 × 10−7 (6)
SiS 1 × 10−6 (3) SiS 2.7 × 10−7 (7)
CS 5 × 10−7 (3) SO 1 × 10−6 (8)
SiC2 5 × 10−8 (3) H2S 7 × 10−8 (9)
HCP 2.5 × 10−8 (3) PO 9 × 10−8 (10)
References. (1) Teyssier et al. (2006); (2) TE abundance (Agúndez
et al. 2010); (3) Agundez (2009); (4) Maercker et al. (2008); (5) Tsuji
et al. (1997); (6) Schöier et al. (2006); (7) Schöier et al. (2007); (8)
Bujarrabal et al. (1994); (9) Ziurys et al. (2007); (10) Tenenbaum et al.
(2007).
realistic outflow consisting of both a clump component and an
inter-clump component.
In Sect. 2, we describe the chemical model and reaction net-
work used. We elaborate on the analytical description of the
clumping and porosity properties of the outflow and their im-
plementation into the model in Sect. 3. The results for both O-
and C-rich outflows are presented in Sect. 4. A discussion and
conclusions follow in Sect. 5 and Sect. 6.
2. Chemical model of the outflow
The chemical reaction network used is the most recent release
of the UMIST Database for Astrochemistry (UDfA), Rate12
(McElroy et al. 2013), a gas-phase only chemical network con-
taining 6173 reactions involving 467 species. Our chemical
model is based on the UDfA CSE model. Both the chemi-
cal network and CSE model are publicly available1. The one-
dimensional model describes a uniformly expanding, spherically
symmetric CSE with a constant mass-loss rate. The number den-
sity profile n(r) hence falls as 1/r2, with r the distance from the
centre of the star. The velocity of the material is assumed to be
constant throughout the outflow. The effect of CO self-shielding
is taken into account during the calculation using a single-band
approximation (Morris & Jura 1983). H2 is assumed to be com-
pletely self-shielded, so that nH2 (r) ≈ n(r). A more detailed
description of the model can be found in Millar et al. (2000),
Cordiner & Millar (2009), and McElroy et al. (2013).
The initial abundance of all species is set to zero, except for
the parent species. These are defined as having formed just above
the photosphere and are injected into the CSE at the start of our
model at r = 2 R∗ = 1 × 1014 cm. The adjustments made to the
1 http://udfa.ajmarkwick.net/index.php?mode=downloads
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code by introducing the porosity formalism are described in de-
tail in Sect. 3.3. We have also changed the assumed temperature
structure throughout the outflow to a power-law,
T (r) = T∗
(R∗
r
)
, (1)
with T∗ and R∗ the stellar temperature and radius, and  the expo-
nent characterising the power-law. The temperature profile has a
lower limit of 10 K, so as to prevent unrealistically low temper-
atures in the outer CSE (Cordiner & Millar 2009).
In order to compare our results to those of Agúndez et al.
(2010), we have adopted the same physical parameters (Table 1)
and parent species, and their initial abundances for the O- and C-
rich CSE (Table 2). The constant outflow velocity ν∞ is the main
physical difference with the model of Agúndez et al. (2010), who
have assumed an expansion velocity of 5 km s−1 for r ≤ 5 R∗ and
a velocity of 15 km s−1 beyond. The Rate12 network does not
include 13CO and its self-shielding, in contrast to the chemical
network used by Agúndez et al. (2010).
3. Porosity formalism
By assuming that the non-uniformity of the outflow is caused
by a statistical ensemble of small-scale density inhomogeneities
or clumps, we are able to use a so-called porosity formalism
(Owocki et al. 2004; Owocki & Cohen 2006; Sundqvist et al.
2012, 2014) to describe the effect of a clumpy outflow on its
chemistry. See also Feldmeier et al. (2003) and Oskinova et al.
(2004, 2006) for an alternative formulation regarding radiative
transfer effects in an inhomogeneous medium.
Within this formalism, we assume that the outflow is
a stochastic two-component medium consisting of overdense
clumps and a rarified inter-clump medium. The clumps are as-
sumed to conserve their mass throughout the outflow. The frac-
tion of the total volume occupied by the clumps is set by fvol,
the clump volume filling factor. The mean (laterally averaged)
density of the outflow can then be written as
〈ρ〉 = (1 − fvol) ρic + fvol ρcl = M˙4pir2ν∞ , (2)
where the subscripts ‘cl’ and ‘ic’ refer to the clump and
inter-clump density components respectively. The last equal-
ity assumes mass-conservation as compared to a corresponding
smooth outflow with density ρsm = 〈ρ〉. For ease of notation, we
drop the radial dependency of all expressions. The density con-
trast between the inter-clump component and the mean density
is set by the parameter (Sundqvist et al. 2014)
fic ≡ ρic〈ρ〉 . (3)
By splitting the outflow into two separate components, their
specific over- or under-densities compared to the corresponding
smooth outflow can be taken into account in our chemical model.
We note that within our statistical formalism, no assumptions on
the specific locations of individual clumps need to be made.
Generally, if clumps become optically thick, this leads both
to a local self-shielding of opacity within the clumps and to an
increased escape of radiation through the porous channels in be-
tween the clumps. The overall net effect of a clumpy outflow is
therefore a reduction in its mean opacity and hence its optical
depth for a given wind mass. A clumpy outflow hence affects
the penetration of interstellar UV photons into the circumstellar
material, which is important to the chemistry as it induces pho-
todissociation reactions. The extinction of the interstellar UV ra-
diation field in the outflow is given by e−τ, with τ the optical
depth. For a smooth outflow, the radial optical depth is given by
τ =
∫ ∞
r
κ ρsm dr = κ
∫ ∞
r
ρsm dr, (4)
where the latter equality assumes that the opacity κ of the out-
flow is spatially constant. We have here that κ ≈ 1200 cm2 g−1;
its calculation can be found in Appendix A. Non-radial rays are
accounted for according to Eq. 4 of Morris & Jura (1983). By
introducing the radial optical depth down to the stellar surface
for a smooth wind as a reference optical depth τ∗, given by
τ∗ =
κM˙
4piν∞R∗
, (5)
we can write that τ = τ∗R∗/r. The optical depth of a smooth
outflow is therefore proportional to M˙. For the physical pa-
rameters assumed in this paper, we have that τ∗ ≈ 800 for
M˙ = 10−5 M yr−1, τ∗ ≈ 80 for M˙ = 10−6 M yr−1 and τ∗ ≈
6 for M˙ = 10−7 M yr−1. The mass-loss rate of a smooth outflow
hence strongly influences its optical depth.
The increased interstellar UV radiation field in a clumpy out-
flow is now taken into account by changing the optical depth τ
to an effective optical depth τeff . Eq. 4 then changes to
τeff =
∫ ∞
r
κeff 〈ρ〉 dr, (6)
with τeff and κeff the effective optical depth and opacity of the
clumpy outflow, respectively.
Within our statistical porosity model, this effective opacity
κeff depends on the interaction probability P of a photon with a
clump, and thus depends on the optical depth of an individual
clump τcl, given by
τcl = κ ρcl l, (7)
with l the characteristic length scale of the clumps. The effective
extinction κeff 〈ρ〉 (per unit length) is then given by
κeff 〈ρ〉 = P (τcl) ncl Acl = P(τcl)h , (8)
with ncl the clump number density and Acl the clump’s geomet-
ric cross section (e.g. Feldmeier et al. 2003), and where the last
equality introduces the porosity length h (Owocki et al. 2004;
Sundqvist et al. 2012). This paper assumes clumps that are spher-
ical or randomly oriented with an arbitrary shape, which then
leads to a statistically isotropic effective opacity (see Sundqvist
et al. 2012). The porosity length represents the local mean free
path between two clumps. Since the total volume associated with
one clump is Vtot = 1/ncl, we can also use Vcl = l3, Acl = l2, and
fvol = Vcl/Vtot to rewrite the porosity length as
h =
l
fvol
. (9)
The probability that a photon will be absorbed by a given
clump is P (τcl) = 1−e−τcl . But the relation between the effective
and smooth opacity in principal depends also on the properties of
the clumpy outflow. Assuming here an exponential distribution
of clumps (i.e. a Markovian mixture; see Sundqvist et al. 2012),
f (τcl) =
e−τ/τcl
τcl
, (10)
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with
〈τ〉 =
∫ ∞
0
τ f (τ) dτ = τcl, (11)
and an outflow where all material is located inside of clumps (a
so-called one-component model, see Sect. 3.1), gives upon inte-
gration the bridging law for the effective opacity of the outflow
(Owocki & Cohen 2006; Sundqvist et al. 2012)
κeff
κ
=
1
1 + τcl
. (12)
By using this expression in the calculation of the effective opti-
cal depth (Eq. 6), we can now take the effect of porosity upon
the radiation field into account for a one-component outflow. We
note that as τcl goes to zero in Eq. 12, the smooth opacity and
wind optical depths are recovered. For the other limit of τcl  1,
we obtain instead κeff〈ρ〉 = 1/h. That is, for such fully opaque
clumps the effective extinction is solely affected by the porosity
length, and is independent of κ. For this case, h also represents
the actual local mean free path of photons.
This paper further assumes that the clump volume filling fac-
tor fvol is spatially constant. Since we also assume mass conserv-
ing clumps, this leads to clumps expanding according to
l(r) = l∗
(
r
R∗
)2/3
, (13)
with l∗ the characteristic length scale near the stellar surface. Fol-
lowing Eq. 9, h then has the same radial dependence,
h(r) = h∗
(
r
R∗
)2/3
, (14)
with h∗ = l∗/ fvol the porosity length at the stellar surface.
Two cases are considered in this paper: the previously in-
troduced simplified case of a one-component model where all
material is located inside clumps and the inter-clump compo-
nent is effectively void (Sect. 3.1), and a case where material is
located in both the clump and inter-clump components, the two-
component model (Sect. 3.2).
3.1. One-component outflow
In a one-component outflow, all material is located inside clumps
and the inter-clump component is hence effectively void. Such
an extreme outflow gives us an upper limit to the effect of poros-
ity on the chemistry within the outflow, both regarding its effect
on the density contrast between a clumpy outflow and a smooth
outflow and the increase in UV radiation field throughout the
clumpy outflow.
As the inter-clump component is effectively void, Eq. 2 re-
duces to
〈ρ〉 = fvol ρcl. (15)
Using Eqs. 9, 14, and 15, the clump optical depth (Eq. 7) can be
written as
τcl = κ 〈ρ〉 h
= τ∗ R1/3∗ h∗ r
−4/3. (16)
Using Eq. 12, the effective optical depth throughout a one-
component clumpy outflow is then given by
τeff = κ
∫ ∞
r
〈ρ〉 1
1 + τcl
dr
= τ∗ R∗
∫ ∞
r
1
r2 + τ∗ R1/3∗ h∗ r2/3
dr, (17)
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Fig. 1: Visual extinction AV throughout a one-component out-
flow with M˙ = 10−5 M yr−1 (left panel) and M˙ = 10−7 M yr−1
(right panel). Results for a smooth, uniform outflow are shown
in black. Results for different values of h∗ are shown in blue. For
reference, 1 R∗ = 5× 1013 cm. Fig. B.1 shows the corresponding
decrease in interstellar UV radiation field.
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Fig. 2: As Fig. 1, but for a two-component outflow with fic = 0.1.
For reference, 1 R∗ = 5 × 1013 cm.
where Eq. 16 has been used for τcl. If h∗ = 0 (i.e. τcl = 0), this
indeed reduces to the optical depth of a smooth wind τ = τ∗ R∗/r.
The analytic solution of this integral can be found in Appendix
C.1. We note here that the scaling of the effective optical depth
of a one-component medium is influenced only by the porosity
length h∗.
For larger values of h∗, both the clump optical depth and the
mean free path in between the clumps increase (Fig. 1). As the
clump optical depth increases, the ratio of the effective opac-
ity of the clumpy outflow to that of the smooth outflow κeff/κ
decreases. A larger fraction of the interstellar radiation field is
therefore able to reach the inner and intermediate regions of the
outflow: the visual extinction is smaller in these regions com-
pared to that of a smooth outflow. In addition, as the mean free
path in between the clumps increases, the onset of the decrease in
visual extinction (compared to the visual extinction of a smooth
outflow, associated with the position where τcl is no longer neg-
ligible) is located further out in the outflow (Fig. 1). Since τcl
scales with τ∗, the clump optical depth decreases with decreasing
mass-loss rate. Following Eq. 12, this leads to a less pronounced
effect of porosity on the effective opacity κeff and optical depth
τeff for lower mass-loss rates.
3.2. Two-component outflow
In a two-component outflow, material is located both inside the
clumps and the inter-clump component. Both components will
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Fig. 3: Visual extinction AV throughout a two-component out-
flow with h∗ = 1015 cm and M˙ = 10−5 M yr−1 (left panel) and
M˙ = 10−7 M yr−1 (right panel). Results for a smooth, uniform
outflow are shown in black. Results for different values of fic are
shown in blue. For reference, 1 R∗ = 5 × 1013 cm.
now contribute to the total opacity of the clumpy outflow. The
density of a two-component outflow is given by Eq. 2. Using
Eqs. 3, 9, and 14, the clump optical depth (Eq. 7) is then given
by
τcl = κ 〈ρ〉 h (1 − (1 − fvol) fic)
= τ∗ R1/3∗ h∗ (1 − (1 − fvol) fic) r−4/3. (18)
The bridging law between the effective opacity of the clumpy
medium and that of a smooth outflow now needs to be slightly
modified. Following Sundqvist et al. (2014), this is given by
κeff
κ
=
1 + τcl fic
1 + τcl
. (19)
We note that as τcl goes to zero, the smooth opacity and opti-
cal depths are recovered. This is again recovered when fic = 1,
corresponding to two equal components. When the inter-clump
component is effectively void ( fic = 0), both the clump optical
depth and the bridging law reduce to their one-component ex-
pressions. In the limit where τcl  1, we find that κeff/κ = fic.
Unlike a one-component outflow, where the effective extinction
κ〈ρ〉 saturates to 1/h, we now find that the ratio of the effec-
tive opacity of the clumpy outflow to that of the smooth outflow
κeff/κ saturates to fic. The opacity of a two-component outflow
hence always depends on κ, implying a larger effective extinction
compared to a one-component outflow (Figs. 1, 2, and 3).
The effective optical depth throughout a two-component out-
flow is then given by
τeff = κ
∫ ∞
r
〈ρ〉 1 + τcl fic
1 + τcl
dr
= τ∗ R∗
∫ ∞
r
1 + τ∗ R1/3∗ h∗ (1 − (1 − fvol) fic) r−4/3
r2 + τ∗ R1/3∗ h∗ (1 − (1 − fvol) fic) r2/3
dr,
(20)
where Eq. 18 has been used for τcl. If h∗ = 0, this again reduces
to the optical depth of the smooth wind τ = τ∗ R∗/r. The analytic
solution of this integral can be found in Appendix C.2. In con-
trast to the one-component model above, the scaling of the effec-
tive optical depth of a two-component outflow is now influenced
by two parameters: the porosity length h∗ and the inter-clump
density contrast fic.
Similar to a one-component outflow, larger values of h∗ cause
a larger decrease in visual extinction in the inner and intermedi-
ate regions of the outflow and the onset of the decrease in visual
extinction (compared to the visual extinction of a smooth out-
flow) is located further out (Fig. 2). Smaller values of fic further
lead to an increase in the clump optical depth and a decrease in
the ratio κeff/κ (Fig. 3). A larger fraction of the interstellar ra-
diation field is able to reach the inner and intermediate regions
of the outflow, leading to a smaller visual extinction in these re-
gions compared to that of a smooth outflow. In analogy with the
one-component case, the effect of porosity is less pronounced for
lower mass-loss rates.
3.3. Implementation into the UdfA CSE model
Three extra parameters are thus necessary to fully include the
effect of clumping and porosity in the chemical model: fic, fvol,
and l∗. These are provided as input parameters to the model. A
model is calculated for each component separately: one for the
clump component, and, if present, one for the inter-clump com-
ponent.
In all models, the mean density of the corresponding smooth
outflow 〈ρ〉 is calculated using the mass-loss rate and outflow
velocity (Eq. 2). The mean density 〈ρ〉 is then used to calcu-
late the optical depth of the corresponding smooth outflow. This
value goes into the calculation of the effective optical depth of
the clumpy outflow τeff using Eq. C.4. In practice, this equation
is also used for the one-component outflow, as it corresponds
to the special case fic = 0 (see Eq. C.2). We note that for a
two-component model, our formulation assumes that clumps and
inter-clump medium are exposed to the same UV radiation field,
so that the same effective optical depth can be used in both com-
ponents.
The density of the clump component is derived from Eq. 2:
ρcl =
1 − (1 − fvol) fic
fvol
〈ρ〉 ≥ 〈ρ〉. (21)
For a one-component model, this reduces to ρcl = 〈ρ〉/ fvol. The
density of the inter-clump component is derived from Eq. 3:
ρic = fic 〈ρ〉 ≤ 〈ρ〉. (22)
We aldo highlight that the use of τeff (instead of τ) in the cal-
culations affects only the rate of photodissociation reactions in-
duced by UV photons. However, the specific density of the com-
ponent (ρcl or ρic) is used when calculating the rates of two-body
reactions. Since cosmic-ray photons and particles are assumed
to have a radially independent incidence, the overall ionisation
of the outflow depends on its density distribution.
Finally then, the resulting mean number density of species X
〈nX〉(r) in the clumpy outflow is calculated using fvol ncl,X(r) +
(1 − fvol) nic,X(r), as in Eq. 2. Its fractional abundance relative to
H2 〈yX〉(r) is therefore given by
〈yX〉(r) = ycl,X + fic (1 − fvol) (yic,X − ycl,X) , (23)
with ycl,X and yic,X its abundance relative to the H2 abundance of
the clump and inter-clump component, respectively.
3.4. Relevant parameter ranges
The parameter l∗ denotes the characteristic length scale of the
clumps at the stellar radius. Since it is physically unrealistic to
have clumps appearing at the stellar surface with larger volumes
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Table 3: Porosity lengths corresponding to the outflows mod-
elled in Sect. 4. For the one-component outflows, all values of h∗
are modelled. For the two-component outflows, only the porosity
lengths corresponding to l∗ = 1 × 1013 cm are modelled.
l∗ [cm] fvol h∗ [cm]
5 × 1012 0.05 5 × 1014
0.20 2.5 × 1013
0.40 1.25 × 1013
1 × 1013 0.05 2 × 1014
0.20 5 × 1013
0.40 2.5 × 1013
5 × 1013 0.05 1 × 1015
0.20 2.5 × 1014
0.40 1.25 × 1014
than that of the star, we have that l∗ ≤ R∗. The parameters fvol
and fic are both allowed to range between 0 and 1.
In addition, we here assume that the clumps become opti-
cally thin as the outflow merges with the interstellar medium,
meaning that porosity effects become negligible. The merger oc-
curs where the density of the outflow becomes comparable to
that of the interstellar medium, between 1017 and 1018 cm de-
pending on the mass-loss rate. We find that this assumption im-
poses a mass-loss rate dependent upper limit on h∗. By requiring
that the visual extinction of a clumpy outflow is equal to that of
its corresponding smooth outflow near the merger, we find that
h∗ . 1×1015 cm for M˙ = 1×10−5 M yr−1, h∗ . 5×1015 cm for
M˙ = 10−6 M yr−1, and h∗ . 1×1016 cm for M˙ = 10−7 M yr−1.
The assumption of optically thin clumps as the outflow merges
with the interstellar medium hence introduces an extra constraint
on l∗ and fvol. By using this maximal value for h∗, a lower limit
can be found for fvol assuming a certain value of l∗, and vice
versa.
4. Effect on chemistry
We have studied the effect of clumping and porosity on both an
O-rich and C-rich outflow. In both cases, a one-component and a
two-component outflow are considered. The only physical vari-
ation between the models are the mass-loss rate and the descrip-
tion of the specific clumpiness of the outflow, that is, the values
of the parameters fvol, fic, and l∗. Despite being widely detected,
there are few observational constraints on the specific density
structures observed. Imaging of 22-GHz water masers suggests
the presence of clouds that are 10 - 100 times more dense than
the outflow, with filling factors of less than one percent (Richards
et al. 2012). From images of the molecular shell of IRC+10216,
molecular clumps with sizes of 3.9 × 1015 cm up to 15.6 × 1015
cm have been detected at a radial distance of about 24 arcsec or
∼ 4.6 × 1016 cm, for a distance of 130 pc (Keller et al. 2018).
The upper limit of this size range is set by the beam size of these
observations, hence smaller clumps may exist as well. Apply-
ing our clump expansion assumption (Eq. 13) on the above size
range, we then have 4 × 1013 < l∗ < 1.5 × 1014 cm. Because the
observational constraints on the specific clumpiness and porosity
of observed outflows are very limited, we cannot estimate direct
values for fvol, fic, and l∗. We therefore explore their parameter
spaces.
For the one-component outflow, we show the resulting abun-
dance profiles and column densities for a selection of molecules
for fvol = 0.05, 0.2, and 0.4, corresponding to an outflow where
the clumps take up a small fraction, almost a quarter, and almost
half of the total volume of the outflow. The parameter l∗ has val-
ues of 5 × 1012 cm, 1013 cm, and 5 × 1013 cm, corresponding to
clumps with a characteristic length scale of 0.1 and 0.2 times the
stellar radius, and to the extreme case where l∗ = R∗. The corre-
sponding porosity lengths h∗ for the different models are listed in
Table 3. We note that the outflows with fvol = 0.2, l∗ = 5 × 1012
cm and fvol = 0.4, l∗ = 1 × 1013 cm have the same porosity
length, but different clump overdensities.
Figs. 4 and 6, and Tables 4 and 6 show the results for O- and
C-rich one-component outflows, respectively.
For the two-component outflow, we show abundance profiles
and column densities for fvol = 0.05, 0.2, and 0.4 and for fic =
0.1, 0.3 and 0.5 (Figs. 5 and 7, and Tables 5 and 7), correspond-
ing to a very rarefied, a moderately rarefied, and an inter-clump
component with a density equal to half the density of the corre-
sponding smooth outflow, respectively. The parameter l∗ is now
fixed at 1013 cm to show the effect of the parameter fic. The
corresponding porosity lengths h∗ are listed in Table 3. Figs. 5
and 7, and Tables 5 and 7 show the results for respectively O-
and C-rich two-component outflows. The visual extinction and
decrease in interstellar UV radiation field throughout these one-
and two-component outflows are shown in Figs. D.1 and Figs.
D.2, respectively.
There are several general trends with fvol, fic, and l∗ visi-
ble in the abundance profiles and column densities. Larger val-
ues of l∗, or similarly h∗ = l∗/ fvol, increase the production of
unexpected species in the inner region, as they lead to a larger
UV radiation field in the inner wind, inducing photodissociation
of parent species. This results in a larger column density and a
larger abundance in the inner region of the unexpected species. A
larger value of l∗ or h∗ also shifts the photodissociation radius of
all species in the outer region more inward. Smaller values of fic
and fvol generally result in an increase in column density of the
investigated molecules relative to the corresponding smooth out-
flow. This is due to both clumping and porosity. The increased
overdensity of the clumps for smaller values of fic and fvol (Eq.
21) causes the chemistry to occur at a faster rate and the abun-
dances to increase, since the reaction rates are proportional to
the density of the reactants. Smaller values of fic and fvol also
correspond to more UV radiation reaching the inner wind (Eq.
19, Figs. 1 and 3). “Highly porous” outflows, with both a large
clump overdensity and porosity length, therefore have the largest
effect on the circumstellar chemistry.
The effect of clumping and porosity extends of course be-
yond these general trends, affecting the chemical formation and
destruction pathways of all species. This is reflected in the shape
of their abundance profiles. In Sects. 4.1 and 4.2, we discuss the
effect on the column densities and abundance profiles of some
key unexpected molecules in detail for both the O- and C-rich
outflows. These species have been chosen as they have been de-
tected with an abundance larger than expected by TE in the inner
region (see Sect. 1 for an overview), and as the changes to their
chemical formation and destruction pathways induced by clump-
ing and porosity are representative for the other species present
in the outflow.
The species discussed in Sects. 4.1 and 4.2 have also been
modelled by Agúndez et al. (2010). In order to facilitate a com-
parison, the column densities and abundance profiles of the other
species modelled by Agúndez et al. (2010) can be found in
Appendices E.1 and E.2, respectively, together with two other
species that showcase the effects of clumping and porosity on
the chemistry. The column densities and abundance profiles of
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Fig. 4: Abundance of NH3 (upper panels), HCN (middle panels), and CS (lower panels) relative to H2 throughout a one-component
O-rich outflow with different mass-loss rates M˙ and clump volume filling factors fvol. Solid black line: calculated abundance for
a smooth, uniform outflow. Solid coloured line: characteristic clump scale l∗ = 5 × 1012 cm, porosity length h∗ = 1 × 1014, 2.5 ×
1013, 1.25 × 1013 cm for fvol = 0.05, 0.2, 0.4, respectively. Dashed coloured line: l∗ = 1013 cm, h∗ = 2 × 1014, 5 × 1013, 2.5 × 1013
cm for fvol = 0.05, 0.2, 0.4, respectively. Dotted coloured line: l∗ = 5 × 1013 cm, h∗ = 1 × 1015, 2.5 × 1014, 1.25 × 1014 cm for
fvol = 0.05, 0.2, 0.4, respectively. We note that models with fvol = 0.2, l∗ = 5 × 1012 cm (green, solid) and fvol = 0.4, l∗ = 1 × 1013
cm (red, dashed) have the same porosity length h∗ = 2.5 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
so far undetected molecules that experience a large increase in
predicted abundance due to a clumpy outflow, making them po-
tentially detectable, are given in Appendix F.
4.1. Oxygen-rich outflows
Under the assumption of TE chemistry, C- and N-bearing
molecules are not expected to be abundantly present in the in-
ner region of O-rich outflows (Cherchneff 2006; Agúndez et al.
2010; Gobrecht et al. 2016). In the following, we investigate the
effect of clumping and porosity on the chemical pathways in-
volved in the formation and destruction of NH3, HCN, and CS
in the inner, intermediate, and outer regions of the stellar wind.
The location of these regions depends on the mass-loss rate. The
inner region ends roughly around ∼ 1015 cm. The intermediate
region ends where photodissociation becomes the dominant de-
struction process, around ∼ 3 × 1016 cm. These boundaries shift
inward with increasing mass-loss rate.
We compare our results to observed abundances in the O-
rich AGB stars IK Tau, TX Cam, and R Dor. IK Tau and TX
Cam have high mass-loss rates of ∼ 5 × 10−6 M yr−1 (Decin
et al. 2010b) and ∼ 3 × 10−6 M yr−1 (Bujarrabal et al. 1994),
respectively. R Dor has a low mass-loss rate of ∼ 1 × 10−7 M
yr−1 (Olofsson et al. 2002). Only a rough comparison to these
observations is possible, since the physical parameters and input
species of our chemical model are not tailored to these stars. We
note that not all molecules have been observed in all three stars.
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Table 4: Column density [cm−2] of NH3, HCN, and CS in a smooth O-rich outflow with different mass-loss rates, together with
column density ratios relative to the smooth outflow for specific one-component outflows. The corresponding abundance profiles
are shown in Fig. 4. We note that the models with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm have the same
porosity length h∗ = 2.5 × 1013 cm.
M˙ Species NH3 HCN CS
10
−5
M

yr
−1 Smooth 6.3e+11 cm
−2 4.0e+10 cm−2 2.9e+12 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
l∗ = 5 × 1012 cm 1.3e+00 1.1e+00 1.1e+00 1.4e+01 4.1e+00 2.3e+00 6.6e+00 2.0e+00 1.6e+00
l∗ = 1 × 1013 cm 9.7e+00 1.1e+00 1.1e+00 9.3e+01 4.8e+00 2.5e+00 4.9e+01 2.3e+00 1.7e+00
l∗ = 5 × 1013 cm 1.3e+03 2.0e+01 1.4e+00 5.0e+04 9.6e+01 5.1e+00 1.3e+03 7.4e+01 7.5e+00
10
−6
M

yr
−1 Smooth 3.0e+10 cm
−2 2.0e+10 cm−2 1.3e+12 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
l∗ = 5 × 1012 cm 6.2e+01 1.4e+00 1.2e+00 1.7e+02 5.2e+00 2.6e+00 4.5e+01 3.6e+00 2.0e+00
l∗ = 1 × 1013 cm 4.4e+02 3.1e+00 1.3e+00 9.1e+02 7.5e+00 2.9e+00 1.3e+02 7.1e+00 2.6e+00
l∗ = 5 × 1013 cm 5.7e+03 3.4e+02 3.5e+01 1.7e+04 3.0e+02 1.4e+01 4.5e+02 8.3e+01 2.0e+01
10
−7
M

yr
−1 Smooth 1.1e+10 cm
−2 7.9e+09 cm−2 6.4e+11 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
l∗ = 5 × 1012 cm 2.8e+02 1.9e+01 5.4e+00 4.6e+02 2.7e+01 6.5e+00 2.1e+01 5.1e+00 2.6e+00
l∗ = 1 × 1013 cm 5.4e+02 3.7e+01 9.3e+00 7.4e+02 3.6e+01 7.9e+00 2.7e+01 6.2e+00 2.9e+00
l∗ = 5 × 1013 cm 1.6e+03 1.8e+02 4.7e+01 2.4e+03 1.4e+02 2.6e+01 4.4e+01 1.2e+01 5.3e+00
4.1.1. NH3
The NH3 abundance in the inner region can reach up to a few
times 10−8 relative to H2 in highly porous one-component out-
flows, an increase of three orders of magnitude relative to a
smooth outflow. In such outflows, the NH3 column density can
increase up to three orders of magnitude relative to a smooth
outflow. The abundance profiles are shown in the upper panel of
Figs. 4 and 5. The column densities are listed in Tables 4 and 5.
For highly porous outflows, the abundance of NH3 reaches
its maximum value close to the starting radius (1014 cm) of the
model and is constant throughout the inner and intermediate re-
gions. This differs from a smooth outflow, or an outflow where
the increase in the UV field in the inner region is not significant
enough, where the NH3 abundance increases throughout the in-
ner and intermediate regions.
The observed inner wind abundance of NH3 in IK Tau is
6 × 10−7 relative to H2 (Wong et al. 2017). In the outflows of
other oxygen-rich evolved stars, NH3 has a similar abundance of
∼ 10−6 (Wong et al. 2017). Our models do not produce such large
abundances for any mass-loss rate considered, but including a
highly porous clumpy outflow does lead to inner wind abun-
dances that are about two orders of magnitude larger. For high
mass-loss rate outflows, a one-component outflow is needed to
achieve such an increase.
Inner region NH3 is predominantly produced via the hydro-
genation of N through reactions with H2. In outflows with a well-
shielded inner region, N is produced only through
N2 + He+ → N+ + N + e−.
As He+ is only produced via cosmic-ray ionisation, the forma-
tion of N is independent of the UV field. However, for outflows
with a larger UV field present in the inner region, either through
a lower mass-loss rate or a larger porosity, N is also produced via
photodissociation of the parent species N2. This yields a higher
abundance of N, and subsequently of NH3. The effect of fvol, fic,
and l∗ on the UV radiation field in the inner region is therefore
strongly noticeable in Figs. 4 and 5.
Intermediate region The sharp decline of NH3 at the end of
the intermediate region is caused by photodissociation. In one-
component outflows with larger mass-loss rates, the sharp de-
cline shifts inward with increasing h∗, equivalent to increasing
l∗ and decreasing fvol. This is due to the strong decrease in ex-
tinction in this region (Fig. 1). Low mass-loss rate outflows and
two-component outflows do not experience as large a decrease
in visual extinction in this region. The onset of photodissocia-
tion for these outflows even moves outward with decreasing fvol,
as the clumps are self-shielded.
4.1.2. HCN
In highly porous one-component outflows, the HCN abundance
can reach up to a few times 10−7 relative to H2 in the inner re-
gion, an increase of ten orders of magnitude relative to a smooth
outflow. The HCN column density can increase in such outflows
up to four orders of magnitude relative to a smooth outflow. The
abundance profiles are shown in the middle panel of Figs. 4 and
5. The column densities are listed in Tables 4 and 5.
The overdensity of the clumps increases the overall HCN
abundance, but the strength of the UV radiation field in the in-
ner region plays a crucial role in its formation. The importance
of the UV radiation field can already be deduced by comparing
the HCN abundance in smooth outflows for different mass-loss
rates. Its abundance in the inner region is larger for lower mass-
loss rates, as these outflows have an overall lower visual extinc-
tion.
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Fig. 5: Abundance of NH3 (upper panels), HCN (middle panels), and CS (lower panels) relative to H2 throughout a two-component
O-rich outflow with different mass-loss rates M˙ and clump volume filling factors fvol. The characteristic size of the clumps at
the stellar radius is l∗ = 1013 cm. Blue lines: porosity length h∗ = 2 × 1014 cm. Green lines: h∗ = 5 × 1013 cm. Red lines:
h∗ = 2.5 × 1013 cm. Solid black line: calculated abundance for a smooth, uniform outflow. Solid coloured line: density contrast
between the inter-clump and smooth outflow fic = 0.1. Dashed coloured line: fic = 0.3. Dotted coloured line: fic = 0.5. We note that
the models with fvol = 0.4 (red) have the same porosity length as the one-component outflows with fvol = 0.2, l∗5 × 1012 cm and
fvol = 0.4, l∗ = 1 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
HCN has been observed in IK Tau with an inner wind abun-
dance of 4.4 × 10−7 by Decin et al. (2010b) and 9.8 × 10−7 by
Bujarrabal et al. (1994). In TX Cam, it has been observed with a
peak abundance of 2.2 × 10−6 (Bujarrabal et al. 1994). Its inner
wind abundance in R Dor is 5.0×10−7 (Van de Sande et al. 2018).
Our models with M˙ = 1 × 10−6 M yr−1 produce an abundance
similar to the inner wind abundance of IK Tau and TX Cam only
for highly porous one-component outflows. The observed inner
wind abundance of R Dor is reproduced within a factor of five
with M˙ = 1 × 10−7 M yr−1 by both highly porous one- and
two-component outflows.
Inner region In the inner region, HCN is mainly produced via
H2 + CN→ HCN + H.
The abundance of CN depends on the UV radiation field in the
inner region, as it is mainly produced via
C + NO→ CN + O
and
N + CS→ CN + S.
The abundances of all four reactants increase with increased UV
radiation field. C and N are produced in greater abundance due
to the contribution of the photodissociation of the parent species
CO and N2. NO and CS are produced via reactions between the
parent species SO and N and C respectively, and are therefore
also more abundant.
Moreover, an increased UV radiation field opens up addi-
tional formation pathways that contribute significantly to the for-
mation of HCN. The abundances of all reactants increase with
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Table 5: Column density [cm−2] of NH3, HCN, and CS in a smooth O-rich outflow with different mass-loss rates, together with
column density ratios relative to the smooth outflow for specific two-component outflows. The corresponding abundance profiles
are shown in Fig. 5. We note that models with fvol = 0.4 have the same porosity length h∗ = 2.5 × 1013 cm as the one-component
models with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm.
M˙ Species NH3 HCN CS
10
−5
M

yr
−1 Smooth 6.3e+11 cm
−2 4.0e+10 cm−2 2.9e+12 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
fic = 0.1 1.1e+00 1.1e+00 1.1e+00 1.5e+01 3.9e+00 2.2e+00 3.8e+00 1.9e+00 1.5e+00
fic = 0.3 1.1e+00 1.1e+00 1.1e+00 7.3e+00 2.7e+00 1.7e+00 2.1e+00 1.6e+00 1.3e+00
fic = 0.5 1.1e+00 1.1e+00 1.2e+00 4.0e+00 1.9e+00 1.5e+00 1.6e+00 1.3e+00 1.3e+00
10
−6
M

yr
−1 Smooth 3.0e+10 cm
−2 2.0e+10 cm−2 1.3e+12 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
fic = 0.1 5.8e+00 1.3e+00 1.2e+00 2.0e+02 5.2e+00 2.5e+00 3.6e+01 4.2e+00 2.2e+00
fic = 0.3 1.4e+00 1.2e+00 1.2e+00 2.7e+01 3.1e+00 1.9e+00 7.0e+00 2.3e+00 1.7e+00
fic = 0.5 1.2e+00 1.2e+00 1.2e+00 6.5e+00 2.1e+00 1.5e+00 2.8e+00 1.7e+00 1.4e+00
10
−7
M

yr
−1 Smooth 1.1e+10 cm
−2 7.9e+09 cm−2 6.4e+11 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
fic = 0.1 2.8e+02 2.3e+01 6.7e+00 4.5e+02 2.5e+01 6.2e+00 2.0e+01 4.9e+00 2.5e+00
fic = 0.3 7.3e+01 9.1e+00 3.7e+00 1.7e+02 1.2e+01 3.8e+00 1.1e+01 3.2e+00 1.9e+00
fic = 0.5 1.9e+01 3.9e+00 2.3e+00 5.6e+01 5.6e+00 2.4e+00 5.3e+00 2.1e+00 1.6e+00
the UV radiation field. The main additional reactions are
N + CH2 → HCN + H,
N + CH3 → HCN + H2,
and
H + H2CN→ HCN + H2,
where H2CN is produced via N + CH3. CH2 and CH3 are pro-
duced via hydrogenation of C through reactions with H2 and are
therefore more abundant as well.
Intermediate region The HCN abundance increases and forms
a bump on the abundance profile near the end of the intermediate
region. The feature is more prominent for higher mass-loss rates.
In this region, HCN is mainly produced via
CH + NO→ HCN + O.
The bump is visible in the abundance profile of CH, and is trans-
ferred to the profile of HCN. CH is produced through CH+3 + e
−
in this region, where CH+3 is the product of hydrogenation of C
+
through reactions with H2. In the inner region, C+ is predom-
inantly produced via He+ + CO, and is therefore independent
from the UV radiation field. The C+ production reaction shifts to
the photoionisation of C near the end of the intermediate region.
The shift to photoionisation of C occurs closer to the central star
for larger UV radiation fields and increases the C+ abundance.
This increase creates the bump feature, which is transferred to
the abundance profile of HCN through CH+3 and CH.
The end of the feature corresponds to the decrease in NO. In
the intermediate reaction, NO is predominantly produced via
OH + N→ NO + H,
where OH is produced through photodissociation of the parent
species H2O. The decline in NO abundance corresponds to the
photodissociation radius of H2O, decreasing the abundance of
OH and therefore NO. The earlier onset of photodissociation of
H2O in highly porous outflows with a high mass-loss rate and
low mass-loss rate outflows shifts the peak in NO abundance
inward, and hence makes the bump in the HCN profile less pro-
nounced.
Outer region The slope of the decline in HCN abundance dif-
fers for different values of fvol. At the start of the outer region,
reactions with C+ contribute significantly to the destruction of
HCN, along with its photodissociation. The C+ abundance in
this region is smaller for smaller values of fvol, as the increased
self-shielding of the clumps makes the photoionisation of C less
efficient. The smaller C+ abundance leads to a slower decline in
HCN abundance.
4.1.3. CS
A CS abundance of up to a few times 10−7 relative to H2 is
reached in the inner regions of highly porous one-component
outflows, an increase of three orders of magnitude relative to a
smooth outflow. For such outflows, the CS column density in-
creases up to three orders of magnitude relative to a smooth out-
flow. The abundance profiles are shown in the lower panel of
Figs. 4 and 5. The column densities are listed in Tables 4 and 5.
Both the overdensity of the clumps and the UV radiation field
throughout the outflow have a large influence on the abundance
of CS throughout the outflow. The overdensity of the clumps
increases the overall abundance. For very overdense clumps, the
abundance drops significantly in the intermediate region.
The CS abundance in the inner wind of IK Tau lies between
8.1 × 10−8 and 3.0 × 10−7 (Bujarrabal et al. 1994; Decin et al.
2010b; Kim et al. 2010). In TX Cam, its peak abundance lies
between 1×10−6 and 5.0×10−7 (Lindqvist et al. 1988; Olofsson
et al. 1991; Bujarrabal et al. 1994). Our models with M˙ = 1 ×
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Fig. 6: Abundance of NH3 (upper panels), H2O (middle panels), and H2S (lower panels) relative to H2 throughout a one-component
C-rich outflow with different mass-loss rates M˙ and clump volume filling factors fvol. Solid black line: calculated abundance for
a smooth, uniform outflow. Solid coloured line: characteristic clump scale l∗ = 5 × 1012 cm, porosity length h∗ = 1 × 1014, 2.5 ×
1013, 1.25 × 1013 cm for fvol = 0.05, 0.2, 0.4, respectively. Dashed coloured line: l∗ = 1013 cm, h∗ = 2 × 1014, 5 × 1013, 2.5 × 1013
cm for fvol = 0.05, 0.2, 0.4, respectively. Dotted coloured line: l∗ = 5 × 1013 cm, h∗ = 1 × 1015, 2.5 × 1014, 1.25 × 1014 cm for
fvol = 0.05, 0.2, 0.4, respectively. We note that models with fvol = 0.2, l∗ = 5 × 1012 cm (green, solid) and fvol = 0.4, l∗ = 1 × 1013
cm (red, dashed) have the same porosity length h∗ = 2.5 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
10−6 M yr−1 have peak abundances similar to these observed
values in both one- and two-component highly porous outflows.
In models with M˙ = 1×10−5 M yr−1, such abundances are only
produced in highly porous one-component outflows.
Inner region The formation of CS in the inner region of the
wind occurs predominantly through
C + SO→ CS + O.
The abundance of C increases for larger UV fields in the inner
region (see Sect. 4.1.2), increasing the CS abundance.
Intermediate region The large dip in CS abundance is caused
by its destruction through
OH + CS→ OCS + H.
The region where this reaction is the main CS destruction mech-
anism corresponds to the peak in OH abundance, created by pho-
todissociation of the parent species H2O. The CS abundance in-
creases again as OH is photodissociated, which occurs closer to
the central star for a larger porosity. The decrease in abundance
is larger for smaller values of fvol, as the reaction can occur more
efficiently due to the overdensity of the clumps.
Outer region Before the photodissociation of CS, its abun-
dance first increases. The associated feature is shifted inwards
for highly porous outflows.
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Table 6: Column density [cm−2] of NH3, H2O, and H2S in a smooth C-rich outflow with different mass-loss rates, together with
column density ratios relative to the smooth outflow for specific one-component outflows. The corresponding abundance profiles
are shown in Fig. 6. We note that the models with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm have the same
porosity length h∗ = 2.5 × 1013 cm.
M˙ Species NH3 H2O H2S
10
−5
M

yr
−1 Smooth 3.3e+11 cm
−2 4.1e+13 cm−2 6.8e+10 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
l∗ = 5 × 1012 cm 1.4e+00 1.1e+00 1.1e+00 1.8e+00 1.1e+00 1.0e+00 9.2e+00 2.0e+00 1.5e+00
l∗ = 1 × 1013 cm 1.8e+01 1.1e+00 1.1e+00 2.3e+01 1.1e+00 1.0e+00 1.8e+02 2.0e+00 1.5e+00
l∗ = 5 × 1013 cm 2.6e+03 3.8e+01 1.8e+00 1.5e+03 4.8e+01 3.0e+00 7.3e+03 2.4e+02 1.2e+01
10
−6
M

yr
−1 Smooth 1.5e+10 cm
−2 3.8e+12 cm−2 1.5e+09 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
l∗ = 5 × 1012 cm 1.3e+02 1.5e+00 1.3e+00 1.5e+02 3.9e+00 1.5e+00 1.4e+03 1.2e+01 2.2e+00
l∗ = 1 × 1013 cm 9.1e+02 5.0e+00 1.3e+00 6.4e+02 2.1e+01 3.1e+00 5.4e+03 1.2e+02 8.4e+00
l∗ = 5 × 1013 cm 1.2e+04 7.0e+02 7.0e+01 4.9e+03 8.3e+02 1.9e+02 2.2e+04 4.5e+03 1.0e+03
10
−7
M

yr
−1 Smooth 9.9e+09 cm
−2 2.5e+14 cm−2 2.7e+10 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
l∗ = 5 × 1012 cm 3.5e+02 2.3e+01 6.3e+00 7.5e+00 2.9e+00 1.9e+00 7.0e+01 1.4e+01 5.5e+00
l∗ = 1 × 1013 cm 6.7e+02 4.6e+01 1.1e+01 1.1e+01 4.0e+00 2.4e+00 1.0e+02 2.3e+01 8.2e+00
l∗ = 5 × 1013 cm 1.9e+03 2.2e+02 5.8e+01 2.4e+01 1.0e+01 6.0e+00 1.6e+02 6.3e+01 2.6e+01
Near the end of the intermediate region and at the beginning
of the outer region, CS is mainly produced via
C + SO→ CS + O.
At the location of the trough, the reaction
C + HS→ CS + H
contributes to the production of CS. This region corresponds to
a peak in HS abundance, caused by the reaction
H + SiS+ → HS + Si+,
where SiS+ is mainly produced in this region by
C+ + SiS→ SiS+ + C.
The location of the peak in abundance can hence be traced back
to the abundance of C+ (see Sect. 4.1.2).
4.2. Carbon-rich outflows
In the inner region of C-rich outflows, O- and N-bearing
molecules are not expected to be abundantly present under the
assumption of TE chemistry (Cherchneff 2006; Agúndez et al.
2010). In the following, we investigate the effect of clumping
and porosity on the chemical pathways involved in the formation
and destruction of NH3, H2O, and H2S in the the inner, interme-
diate, and outer regions of the stellar wind. As with the O-rich
outflows, the location of these regions depends on the mass-loss
rate. The inner region ends roughly around ∼ 1015 cm. The end
of the intermediate region, around ∼ 3×1016 cm, corresponds to
where photodissociation becomes the dominant destruction pro-
cess. These boundaries shift inward with increasing mass-loss
rate.
We compare our results to the observed abundances in the
well-studied C-rich AGB star IRC+10216 (CW Leo), which has
a high mass-loss rate of 2 − 4 × 10−5 M yr−1 (De Beck et al.
2012; Cernicharo et al. 2015). Only a rough comparison to these
observations is possible, since the physical parameters and input
species of our chemical model are not tailored to IRC+10216.
4.2.1. NH3
As in O-rich chemistry, the inner region NH3 abundance in C-
rich outflows can reach up to a few times 10−8 relative to H2 in
highly porous outflows. This corresponds to an increase of three
orders of magnitude relative to a smooth outflow. The NH3 col-
umn density of such outflows can increase up to four orders of
magnitude relative to a smooth outflow. The abundance profiles
are shown in the upper panel of Figs. 6 and 7. The column den-
sities are listed in Tables 6 and 7.
For highly porous outflows, the NH3 abundance reaches its
maximum value close to the start of the model and is constant
throughout the inner and intermediate regions, similar to the O-
rich outflow. The destruction of NH3 at the end of the intermedi-
ate region is influenced by the overdensity of the clumps and the
UV radiation field present.
In IRC+10216, NH3 has an observed inner wind abundance
of 1.7 × 10−7 (Keady & Ridgway 1993). Similar to the O-rich
outflows, our models do not produce such a large abundance,
but including a highly porous clumpy outflow does increase the
inner wind abundance significantly. For M˙ = 10−5 M yr −1, a
one-component outflow is again needed to achieve such an in-
crease.
Inner region The formation of NH3 in the inner region is sim-
ilar to that in an O-rich outflow. The extra N-bearing parent
species HCN does not influence the formation of NH3 in the
inner region, as its photodissociation products are CN and H.
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Fig. 7: Abundance of NH3 (upper panels), H2O (middle panels), and H2S (lower panels) relative to H2 throughout a two-component
C-rich outflow with different mass-loss rates M˙ and clump volume filling factors fvol. The characteristic size of the clumps at
the stellar radius is l∗ = 1013 cm. Blue lines: porosity length h∗ = 2 × 1014 cm. Green lines: h∗ = 5 × 1013 cm. Red lines:
h∗ = 2.5 × 1013 cm. Solid black line: calculated abundance for a smooth, uniform outflow. Solid coloured line: density contrast
between the inter-clump and smooth outflow fic = 0.1. Dashed coloured line: fic = 0.3. Dotted coloured line: fic = 0.5. We note
that the models with fvol = 0.4 (red) have the same porosity length as the one-component outflows with fvol = 0.2, l∗ = 5× 1012 cm
and fvol = 0.4, l∗ = 1 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
Intermediate region For higher mass-loss rate outflows with a
large porosity, the NH3 abundance declines rapidly near the end
of the intermediate region. The decline is due to the onset of the
reaction
NH3 + CN→ HCN + NH2,
which contributes significantly to its destruction as the CN abun-
dance peaks in this region. The peak in CN abundance is caused
by the photodissociation of HC3N, which is formed mainly
through
CN + C2H2 → HC3N + H.
Since CN is produced through photodissociation of the parent
species HCN, the peak in abundance of its daughter species
HC3N shifts closer to the central star for larger porosity lengths,
as does the photodissociation of HC3N. The decline in NH3
abundance ends when the CN abundance is reduced through the
reaction
O + CN→ N + CO,
as the O abundance increases due to the photodissociation of the
parent species SiO.
Highly porous outflows with a higher mass-loss rate also
show an increase in NH3 abundance after its sharp decline near
a few times 1016 cm. In this region, NH3 is predominantly pro-
duced through reactions with NH+4 , which originates from the
hydrogenation of N+ through reactions with H2. N+ is solely
formed through reactions with He+ with N2 and is therefore
unaffected by porosity. However, as the UV radiation field in-
creases in this region, the abundances of the intermediary prod-
ucts NH+, NH+2 , and NH
+
3 increase through photoionisation of
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Table 7: Column density [cm−2] of NH3, H2O, and H2S in a smooth C-rich outflow with different mass-loss rates, together with
column density ratios relative to the smooth outflow for specific two-component outflows. The corresponding abundance profiles
are shown in Fig. 7. We note that models with fvol = 0.4 have the same porosity length h∗ = 2.5 × 1013 cm as the one-component
models with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm.
M˙ Species NH3 H2O H2S
10
−5
M

yr
−1 Smooth 3.3e+11 cm
−2 4.1e+13 cm−2 6.8e+10 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
fic = 0.1 1.1e+00 1.1e+00 1.1e+00 1.1e+00 1.1e+00 1.1e+00 2.9e+00 1.8e+00 1.4e+00
fic = 0.3 1.1e+00 1.1e+00 1.1e+00 1.1e+00 1.1e+00 1.1e+00 2.2e+00 1.5e+00 1.3e+00
fic = 0.5 1.1e+00 1.1e+00 1.2e+00 1.0e+00 1.1e+00 1.2e+00 1.7e+00 1.3e+00 1.3e+00
10
−6
M

yr
−1 Smooth 1.5e+10 cm
−2 3.8e+12 cm−2 1.5e+09 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
fic = 0.1 1.0e+01 1.4e+00 1.2e+00 1.1e+02 6.3e+00 1.9e+00 3.4e+02 1.2e+01 2.5e+00
fic = 0.3 1.4e+00 1.3e+00 1.2e+00 8.7e+00 1.8e+00 1.3e+00 7.4e+00 2.2e+00 1.5e+00
fic = 0.5 1.2e+00 1.2e+00 1.2e+00 1.9e+00 1.3e+00 1.3e+00 2.7e+00 1.6e+00 1.4e+00
10
−7
M

yr
−1 Smooth 9.9e+09 cm
−2 2.5e+14 cm−2 2.7e+10 cm−2
fvol 0.05 0.2 0.4 0.05 0.2 0.4 0.05 0.2 0.4
fic = 0.1 3.4e+02 2.8e+01 8.0e+00 8.1e+00 3.3e+00 2.1e+00 6.9e+01 1.6e+01 6.3e+00
fic = 0.3 9.0e+01 1.1e+01 4.3e+00 4.6e+00 2.3e+00 1.8e+00 3.0e+01 8.0e+00 3.8e+00
fic = 0.5 2.3e+01 4.5e+00 2.5e+00 2.7e+00 1.7e+00 1.5e+00 1.2e+01 4.0e+00 2.4e+00
their neutral counterparts. This leads to an increased abundance
of NH+4 and subsequently of NH3.
Outer region At the start of the outer region, reactions with C+
contribute to the destruction of NH3. The different slope of the
decline abundance with different values of fvol at the beginning
of the outer region has a similar origin as that of HCN in the
O-rich outflow (Sect. 4.1.2).
4.2.2. H2O
The H2O abundance can reach up to 10−5 relative to H2 in the
inner region in highly porous one-component outflows and in
highly porous two-component outflows with a small mass-loss
rate, an increase of three orders of magnitude relative to a smooth
outflow. In such outflows, the H2O column density can increase
up to three orders of magnitude relative to a smooth outflow. The
abundance profiles are shown in the middle panel of Figs. 6 and
7. The column densities are listed in Tables 6 and 7.
The peak in abundance around ∼ 1 − 3 × 1016 cm, visible
in the smooth abundance profile, disappears as fvol decreases.
Outflows with very overdense clumps show a steep decline in
this region, followed by a plateau-feature.
The inner wind H2O abundance of IRC+10216 lies around
1×10−7 (Decin et al. 2010a). Lombaert et al. (2016) find that the
inner wind abundance lies between ∼ 10−6 − 10−4 for a sam-
ple of C-rich stars with mass-loss rates between ∼ 10−7 and
10−5 M yr−1. Only highly porous one-component outflows with
M˙ = 10−5 M yr−1 produce an inner wind abundance close
to these observations. Models with M˙ = 10−6 and 10−7 M
yr−1 produce inner wind abundances within the range probed
by Lombaert et al. (2016) for both one-component and two-
component outflows, where the models have a maximum abun-
dance of ∼ 1 × 10−5.
Inner region H2O is formed in the inner region through hydro-
genation of O through reactions with H2, similar to the formation
of NH3. O is produced in greater abundance in outflows with a
large UV radiation field in the inner region, either through a low
mass-loss rate or a large porosity, as the parent species CO and
SiO are photodissociated in this region.
Intermediate region In the intermediate region, the formation
of water shifts from a chemistry initiated by the proton transfer
of H+3 with O atoms to one in which the dissociative recombina-
tion of CH2CO+ dominates
CH2CO+ + e− → H2O + C2.
However, there are no laboratory measurements of the disso-
ciative recombination of CH2CO+. The channel forming H2O
is one of three equal channels suggested by Prasad & Huntress
(1980). Given the re-arrangement needed to get H2O out of the
ion, which is structured as H2CCO+, it may have zero probability
of occurring.
Nevertheless, the CH2CO+ abundance peaks near the end
of the intermediate region. It is formed by the photoionisation
of CH2CO, which also peaks in the same region. The peak in
abundance is very sensitive to the temperature of the outflow, as
several reactions with a negative temperature dependency play a
large role in the chain of reactions forming CH2CO:
C2H2 + hν→ C2H+2 + e−,
H2 + C2H+2 → C2H+4 + hν (β = −2.01),
C2H+4 + O→ CH+3 + H,
CH+3 + CO→ CH3CO+ + hν (β = −1.2),
CH3CO+ + e− → CH2CO + H,
with β the exponent denoting the temperature dependency of the
reaction rate in the modified Arrhenius formula (McElroy et al.
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2013). For larger values of the exponent  of the temperature
power-law, corresponding to a lower temperatures throughout
the outflow, the peak disappears.
For large UV radiation fields, the CH2CO+ peak shifts closer
to the central star and becomes comparable in abundance to
H3O+, which removes the peak in H2O abundance.
Outer region At the start of the outer region, reactions with C+
contribute to the destruction of H2O. The effect of fvol on the
slope of the decline in H2O abundance at the beginning of the
outer region has a similar origin as that of NH3 and HCN in the
O-rich outflow (Sect. 4.1).
4.2.3. H2S
In highly porous one-component outflows, the inner wind abun-
dance of H2S can reach up to 10−8 relative to H2, an increase of
three orders of magnitude relative to a smooth outflow. The H2S
column density in such outflows can increase up to four orders
of magnitude relative to a smooth outflow. The abundance pro-
files are shown in the lower panel of Figs. 6 and 7. The column
densities are listed in Tables 6 and 7.
For one-component outflows with fvol = 0.05, the abundance
shows a large dip in the inner and intermediate regions. The H2S
abundance profile also shows a plateau-feature after a sharp de-
cline around 1016 cm.
The inner wind abundance of H2S in IRC+10216 is 4× 10−9
(Agúndez et al. 2012). In models with M˙ = 10−5 M yr−1,
such an inner wind abundance is produced in highly porous one-
component outflows.
Inner region In the inner region, H2S is formed through the
sequential hydrogenation of S through reactions with H2. In out-
flows with a well-shielded inner region, S is formed via cosmic-
ray induced photodissociation of the parent species CS and SiS.
As the UV radiation field increases, the S abundance increases
as these parent species are also photodissociated. The increased
N abundance through photodissociation of the parent species N2
moreover leads to an increased contribution to S through the re-
action
N + CS→ S + CN.
For outflows with a large porosity, the reaction
N + HS→ NS + H
destroys a fraction of the HS after ∼ 2 × 1014 cm. The onset
of the reaction corresponds to the start of the decrease of HS
abundance, and coincides with the increase in N abundance.
Intermediate region The decrease in H2S abundance before the
peak at the end of the intermediate region is also caused by the
photodissociation of the parent species CS. It therefore has the
same origin as the extended dip in H2S abundance for outflows
with a larger porosity, but is more spatially confined due to the
later onset of the CS photodissociation.
The peak in H2S abundance corresponds to the contribution
of the reaction
H + SiS+ → HS + Si+
to the H2S production, as the abundance of SiS+ reaches its max-
imal value in this region and forms a peak at the same location as
that in the HS abundance, and consequently also the H2S abun-
dance. The SiS+ peak is caused by reactions between C+ and the
parent species SiS, and therefore shifts inward for smaller val-
ues of fvol (see Sect. 4.1.2). The SiS+ abundance then decreases
through dissociative recombination with electrons, marking the
end of the peak in abundance.
The origin of the peak in H2S abundance is similar to that
in the H2O abundance (Sect. 4.2.3). The rates of the reactions
between SiS and C+ and S+ have a negative temperature depen-
dency (β = −0.5 for both). Again, the peak disappears for larger
values of the exponent  of the temperature power-law, corre-
sponding to lower temperatures.
As the mass-loss rate decreases and/or the porosity of the
outflow decreases, the peak in the H2S abundance disappears.
This is due to the earlier onset of its photodissociation in these
outflows.
Outer region The different slope of the decline in H2S abun-
dance with different values of fvol at the beginning of the outer
region is again due to the C+ abundance (see e.g. Sect. 4.1.1). In
this region, H2S is formed via reactions between H2S+ and var-
ious anions of C-chains. The different slopes are also present in
the decline of the H2S+ abundance, as it is mainly produced by
the reaction
H2CO + S+ → H2S+ + CO,
where S+ is produced via the photoionisation of S. Before H2CO
is photodissociated, it is destroyed through
H2CO + C+ → CO + CH+2 ,
causing different slopes for different values of fvol, which are
transferred to the H2S abundance profile.
5. Discussion
In Sect. 5.1, we discuss the general influence of the parameters
fvol, fic, and l∗ on the chemistry throughout the outflow. We com-
pare our results to those of Agúndez et al. (2010), who have
also modelled the effect of a clumpy outflow, in Sect. 5.2, and
to those of shock-induced non-equilibrium chemistry models in
Sect. 5.3. We compare our modelled inner wind abundances to
observations in Sect. 5.4. Finally, molecules that experience a
large increase in abundance or change in their abundance pro-
files due to a clumpy outflow are discussed in Sect. 5.5.
5.1. Influence of the parameters fvol, fic, and l∗
The porosity of the outflow is determined by the porosity length
h∗ = l∗/ fvol and fic. The porosity length has the largest influence
on the decrease in visual extinction, for a certain value of fic.
For a certain value of h∗, the visual extinction increases with
fic. A larger value of fic corresponds to more material in the
inter-clump component, hindering radiation travelling through
the porous channels between the clumps. An increase in the
UV radiation field in the inner region leads to the photodissoci-
ation of parent species in this region, which is well-shielded in a
smooth outflow. The elements which are normally locked up in
stable parent species in smooth outflows (O in C-rich outflows,
C in O-rich outflows, and N in both) are therefore released closer
to the central star, allowing for an increased formation of the un-
expected species in the inner region. These species are, under the
assumption of TE chemistry, expected either to be absent in the
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inner wind or to have a smaller abundance than observed in the
outer regions. More generally, an increased UV radiation field
influences the chemistry throughout the outflow, as photodisso-
ciation of both parent and daughter species occurs closer to the
central star, opening up new chemical pathways.
Clumping also influences the overall abundance of the unex-
pected species. For the same value of h∗, smaller values of fvol
and fic will generally lead to larger inner region abundances and
column densities. The effect of porosity on the increase in abun-
dance is however much larger. Highly porous outflows, char-
acterised by both a large clump overdensity and a large poros-
ity length, therefore have the largest influence on the chemistry
throughout the outflow.
Since the inner wind abundances of the unexpected species
are mainly determined by the porosity of the outflow, one-
component outflows yield a larger increase in abundance than
their corresponding two-component outflows. For higher mass-
loss rate outflows, the inter-clump component needs to be ef-
fectively void in order for porosity to increase the inner wind
abundance of the unexpected species.
5.2. Comparison to the chemical model of Agúndez et al.
(2010)
The effect of a clumpy outflow on its chemistry has previously
been studied by Agúndez et al. (2010). In their model, the out-
flow is also split into two components: a smooth well-shielded
component and a clumpy component, for which a fraction of
solid angle of arrival of interstellar photons fΩ is free of matter.
The smooth component experiences the same UV radiation field
as a uniform outflow, whereas a certain fraction of photons is
allowed to reach the inner regions of the clumpy component un-
inhibited. During the modelling, both components have the same
density, namely that of the corresponding smooth outflow. The
final abundances are calculated by taking a weighted average of
the models of the components using the mass fraction of the to-
tal circumstellar mass that is located inside the clump component
fm.
The model of Agúndez et al. (2010) hence differs from our
model in both its implementation of the density distribution and
the alteration of the UV radiation field. Whereas we take the den-
sity distribution into account while calculating the chemical net-
work, Agúndez et al. (2010) include it via post-processing. Both
components experience the same effective UV radiation field in
our model, while the components of Agúndez et al. (2010) ex-
perience two distinct UV radiation fields. Finally, the chemical
reaction network used by Agúndez et al. (2010) is different to
the UDfA Rate12 reaction network.
Agúndez et al. (2010) assumed that fm = 0.1 and fΩ = 0.25,
chosen in order to roughly model the clumpy outflow of the C-
rich star CW Leo. The smooth component is hence a major con-
tributor to their final abundances, while at the same time a sig-
nificant fraction of the interstellar radiation is still able to reach
the inner wind. This combination is not possible in our model, as
a larger density of the inter-clump component leads to a smaller
decrease in visual extinction. Translated into our parameters, the
fm and fΩ parameters would correspond to fvol ≈ 1 − fΩ = 0.75
and fic ≈ 1 − fm = 0.9. However, in order to have a similar ef-
fect on the UV radiation field, we would require fic = 0. It is
therefore not possible to make a direct comparison to one of the
models shown in Sect. 4.
Nevertheless, we can perform a qualitative comparison and
point out several clear differences. Firstly, the shapes of the abun-
dance profiles of Agúndez et al. (2010) are only roughly similar
to those shown in this paper, with a large discrepancy for H2CO,
C2H2, HCN, and CS in the O-rich outflow, and for OH and
H2S in the C-rich outflow. Secondly, the modelled inner wind
abundances of Agúndez et al. (2010) can only be obtained with
our model by assuming a one-component outflow with a large
porosity length. In that case, a large fraction of UV photons is
able to reach the inner region of these outflows, which matches
the assumption by Agúndez et al. (2010). Moreover, the one-
component outflow that reproduces the inner wind abundances
of NH3 in the O-rich outflow, yields abundances up to an order
of magnitude higher for all other species shown in Agúndez et al.
(2010). Similar for the C-rich outflow, where the one-component
model that reproduces the inner wind abundances of NH3 and
H2S yields abundances an order of magnitude larger for the other
molecules shown.
5.3. Comparison to non-equilibrium chemistry models
In order to explain the presence and abundance of the unexpected
species in the inner wind, shock-induced non-equilibrium chem-
istry in the inner region has been proposed as a possible solution.
These models are able to reproduce the observed abundances in
the inner regions, except for NH3, which is predicted to have
an abundance of ∼ 10−19 relative to H2 (Willacy & Cherchneff
1998; Duari et al. 1999; Gobrecht et al. 2016). Although a direct
comparison is not possible as we have not specifically modelled
IK Tau, we do produce NH3 with a larger abundance than TE. In
non-equilibrium models, CH4 is not expected to be present with
an abundance larger than predicted by TE chemistry in O-rich
outflows (Duari et al. 1999). Our models produce an inner wind
abundance up to seven order of magnitude larger than predicted
for this species (Figs. E.1 and E.2).
The inner regions of C-rich outflows have not been stud-
ied using non-equilibrium chemical models to the same ex-
tent as O-rich outflows. However, the recently discovered dis-
tribution of CH3CN in the C-rich AGB star CW Leo does not
match the predictions of both thermodynamic equilibrium and
non-equilibrium chemistry (Agúndez et al. 2015; Millar 2016).
Agúndez et al. (2015) suggest a clumpy outflow as a possible
origin to this distribution. Similar to their best fitting abundance
profile, we find a peak in the CH3CN abundance around 1016
cm (Figs. E.3 and E.4). Moreover, the presence of H2O in the
inner region of CW Leo was not predicted to be present by
non-equilibrium chemistry (Cherchneff 2006), and could only be
modelled by manually adapting the rate of the reaction between
SiO and H (Cherchneff 2012). Although a direct comparison to
the observations is again not possible, our models do produce
H2O in larger abundances than TE in the inner region.
5.4. Comparison to observations
For both O-rich and C-rich outflows, we find that the observa-
tions are best reproduced by highly porous, one-component out-
flows. A large UV field is therefore required to be present in the
inner region for the deficient elements to be released in order to
obtain abundances for the unexpected species similar to those
observed. The overdensity of the clumps leads to a further in-
crease in abundance, so that both porosity and clumping are crit-
ical in reproducing the observed abundances. For lower mass-
loss rates, the requirement of a highly porous, one-component
outflow is less strict. The UV field in the inner region is still
sufficiently large in these outflows if a fraction of the material
resides in the inter-clump component.
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The observed NH3 abundances in both O-rich and C-rich
AGB stars are not reproduced by our models. Our models also
do not produce the upper limit of the observed H2O abundance
range in C-rich AGB stars. Despite this, we do find an increase
of up to four orders of magnitude compared to a smooth out-
flow in the inner wind abundance of NH3, and up to three orders
of magnitude in the inner wind abundance of H2O for highly
porous, one-component outflows. However, an effectively void
inter-clump medium is likely not realistic for the outflows of
AGB stars. The density contrast between the clumped and inter-
clump component of IRC+10216 is found to lie between 1.5 and
7.6 (Mauron & Huggins 2000; Dinh-V-Trung & Lim 2008), its
inter-clump component can therefore not be considered effec-
tively void.
The requirement of an effectively void inter-clump compo-
nent might be due to assumption of optically thin clumps at the
edge of the outflow, which places an upper limit on the poros-
ity length (Sect. 3.4). If the outer boundary condition were less
strict, larger porosity lengths would be possible, potentially al-
lowing for an increased inter-clump density.
5.5. Predictability of models
The clumpy outflow model can also be used to predict the ef-
fect of clumping and porosity on the abundances of unobserved
molecules, making them potentially observable, and their effect
on the abundance profiles of already detected molecules. We
have identified a set of molecules whose abundance is strongly
influenced by a clumpy outflow by requiring a peak fractional
abundance larger than 1 × 10−9 relative to H2 and an increase
in column density relative to the smooth outflow of at least two
orders of magnitude. Their abundance profiles and column den-
sities are shown in Appendix F. For the O-rich outflow, we find
considerably changed abundance profiles and column densities
for N2O, C2N, C3H, C3H2 and OCS (Figs. F.1 and F.2, Tables
F.1 and Tables F.2). For the C-rich outflow, considerable changes
are found for CO2, SO2, HC9N, NO and OCS (Figs. F.3 and F.4,
Tables F.3 and Tables F.4).
6. Conclusion
We have determined the effect of a non-uniform, clumpy AGB
outflow on its chemistry by implementing a porosity formalism
in our one-dimensional chemical model. This theoretical formal-
ism takes into account both the effect of porosity on the UV
radiation field throughout the outflow (by adjusting its optical
depth), and the effect of clumping in general on the reaction rates
for two-body processes (by splitting the outflow into an over-
dense clumped and a rarified inter-clump component). The spe-
cific clumpiness is determined by three parameters: the clump
volume filling factor fvol, the density contrast fic, and the char-
acteristic size of the clumps at the stellar surface l∗. The first
two parameters determine the relative densities of the clumped
and inter-clump component. The porosity length h∗ = l∗/ fvol
and fic determine the decrease in visual extinction throughout
the outflow, with h∗ having the largest influence. In this paper,
the clumps are assumed to have a spatially constant fvol, which
implies that they expand as they move outward. We note that, be-
ing a statistical description of a stochastic ensemble of clumps,
the porosity formalism does not require any assumptions on the
specific location of the clumps.
We have shown results for a one-component outflow, where
all material is located inside clumps and the inter-clump com-
ponent is effectively void, and a two-component outflow, where
material is located in both the clumped and inter-clump com-
ponent. Both the overdensity of the clumps and the increase in
interstellar UV radiation in the inner regions of the outflow al-
ter the chemistry throughout the outflow, as they alter the abun-
dances and the chemical formation and destruction pathways.
The decrease in visual extinction has the largest influence on the
formation of the unexpected species in both O- and C-rich out-
flows. Porosity, and not clumping, is therefore the main mecha-
nism determining the overall increase in abundance. The larger
UV radiation field in the inner region liberates the deficient ele-
ments through photodissociation of parent species, enabling the
formation of the unexpected species. A highly porous outflow,
characterised by a large clump overdensity and a large porosity
length, therefore has the largest effect on the chemistry through-
out the outflow.
Our chemical model is able to produce all unexpected
species in clumpy O- and C-rich outflows with inner region
abundances larger than expected by TE chemistry. Their column
densities and molecular abundances in the inner region increase
with clump overdensity and porosity length, and decrease with
inter-clump density contrast. Unlike the shock-induced non-
equilibrium chemistry models, our models are able to produce
NH3 and H2O in the inner region with a larger abundance than
predicted by TE. The differences between our results and those
of Agúndez et al. (2010), who have also implemented a clumpy
outflow in their model, are most likely due to a different mod-
elling approach. However, both approaches are able to produce
all unexpected species in the inner region.
Highly porous, one-component outflows generally reproduce
the observationally retrieved values of the unexpected species
in higher mass-loss rate outflows. For lower mass-loss rate out-
flows, the inter-clump component does not need to be effectively
void. Nonetheless, such models do not produce the observed in-
ner wind abundance of NH3 in O- and C-rich outflows and the
upper limit of the range of H2O in C-rich outflows. Combin-
ing both shock-induced non-equilibrium chemistry and a clumpy
outflow can potentially solve the discrepancy.
Chemical models that include a non-uniform density struc-
ture can lead to an increase in the abundances of the unexpected
species in the inner regions of both O- and C-rich outflows, as
demonstrated in this paper. This emphasises the importance of
including the effect of a clumpy outflow in the chemical mod-
elling of AGB outflows. Even though it cannot account for the
observed abundance of all unexpected species investigated in
this paper, the non-uniform density structure should be taken
into account in order to accurately model the chemistry and to
correctly interpret the observed abundance profiles.
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Appendix A: Opacity of the smooth outflow
The opacity of the smooth outflow is given by
κ = 1.086
2 [AUV/AV ]
1.87 × 1021
1
µ mH
≈ 1200 cm2 g−1, (A.1)
with µ = 2.68 the mean molecular mass of the outflow relative
to H2, including the fractional abundance of He (Table 2), and
mH the atomic mass unit. We hence assume that the extinction
throughout the outflow is equal to that throughout the ISM of
1.87 × 1021 atoms cm−2 mag−1 (Cardelli et al. 1989), which is
then scaled according to the ratio of UV and visual extinction,
with AUV/AV = 4.65 the adopted ratio of UV and visual extinc-
tion (Nejad et al. 1984). The factor of 1.086 originates from the
conversion of extinction to optical depth.
Appendix B: Figures of the decrease in interstellar
UV radiation field
Figs. B.1 - B.3 show the decrease in interstellar UV radiation
field I(r)/I0 = e−τeff (r) throughout the outflow, with I the UV
radiation field throughout the outflow and I0 the interstellar UV
radiation field.
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Fig. B.1: Decrease in interstellar UV radiation field throughout a
one-component outflow with M˙ = 10−5 M yr−1 (left panel) and
M˙ = 10−7 M yr−1 (right panel). Results for a smooth, uniform
outflow are shown in black. Results for different values of h∗ are
shown in blue. For reference, 1 R∗ = 5 × 1013 cm.
0.0 0.2 0.4 0.6 0.8 1.0
Radius (cm)
0.0
0.2
0.4
0.6
0.8
1.0
e−
τ e
ff
1 14 1015 1016 1017 1018
10−4
10−3
10−2
10−1
100
10−5 M¯ yr−1
1014 1015 1016 1017 1018
10−7 M¯ yr−1
h∗ = 5× 1014 cm
h∗ = 1× 1014 cm
h∗ = 5× 1013 cm
h∗ = 1× 1013 cm
Smooth
Fig. B.2: As Fig. B.1, but for a two-component outflow with fic =
0.1. For reference, 1 R∗ = 5 × 1013 cm.
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Fig. B.3: Decrease in interstellar UV radiation field through-
out a two-component outflow with h = 1015 cm and and M˙ =
10−5 M yr−1 (left panel) and M˙ = 10−7 M yr−1 (right panel).
Results for a smooth, uniform outflow are shown in black. Re-
sults for different values of fic are shown in blue. For reference,
1 R∗ = 5 × 1013 cm.
Appendix C: Expression of the effective optical
depth
Appendix C.1: One-component outflow
The integral describing the effective optical depth τeff for the
one-component medium (Eq. 17) can be solved analytically. We
have that
τeff = τ∗ R∗
∫ ∞
r
1
r2 + τ∗ R1/3∗ h∗ r2/3
dr
=
3pi τ1/4∗ R
3/4
∗
2
√
2 h3/4∗
+
3 τ1/4∗ R
3/4
∗
4
√
2 h3/4∗
×
(
2 arctan
1 −
√
2 r1/3(
τ∗ R1/3∗ h∗
)1/4

− 2 arctan
1 +
√
2 r1/3(
τ∗ R1/3∗ h∗
)1/4

+ log
(√
τ∗ R1/3∗ h∗ −
√
2
(
τ∗ R1/3∗ h∗
)1/4
r1/3 + r2/3
)
− log
(√
τ∗ R1/3∗ h∗ +
√
2
(
τ∗ R1/3∗ h∗
)1/4
r1/3 + r2/3
) )
.
(C.1)
Since τ = τ∗ R∗/r, this can be rewritten as
τeff =
3pi (τ r)1/4R1/2∗
2
√
2 h3/4∗
+
3 (τ r)1/4R1/2∗
4
√
2 h3/4∗
×
(
2 arctan
1 −
√
2 r1/12(
τ h∗ R−2/3∗
)1/4
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− arctan
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√
2 r1/12(
τ h∗ R−2/3∗
)1/4
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+ log
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τ h∗ R−2/3∗ r −
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)1/4
r7/12 + r2/3
)
− log
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τ h∗ R−2/3∗ r +
√
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(
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) )
.
(C.2)
Appendix C.2: Two-component outflow
The integral describing the effective optical depth τeff for the
two-component medium (Eq. 20) can be solved analytically. We
have that
τeff = τ∗ R∗
∫ ∞
r
1 + τ∗ R1/3∗ h∗ B r−4/3
r2 + τ∗ R1/3∗ h∗ B r2/3
dr
=
τ∗ R∗ fic
r
+
3pi τ1/4∗ R
3/4
∗ (1 − fic)
2
√
2 (h∗ B)3/4
+
3 τ1/4∗ R
3/4
∗ (1 − fic)
4
√
2 (h∗ B)3/4
×
(
2 arctan
1 −
√
2 r1/3(
τ∗ R1/3∗ h∗ B
)1/4

− 2 arctan
1 +
√
2 r1/3(
τ∗ R1/3∗ h∗ B
)1/4

+ log
(√
τ∗ R1/3∗ h∗ B −
√
2
(
τ∗ R1/3∗ h∗ B
)1/4
r1/3 + r2/3
)
− log
(√
τ∗ R1/3∗ h∗ B +
√
2
(
τ∗ R1/3∗ h∗ B
)1/4
r1/3 + r2/3
) )
,
(C.3)
with B = 1−(1 − fvol) fic. Since τ = τ∗ R∗/r, this can be rewritten
as
τeff = τ fic +
3pi (τ r)1/4 (1 − fic)
2
√
2 (h∗ R−2/3∗ B)3/4
+
3 (τ r)1/4 (1 − fic)
4
√
2 (h∗ R−2/3∗ B)3/4
×
(
2 arctan
1 −
√
2 r1/12(
τ h∗ R−2/3∗ B
)1/4

− 2 arctan
1 +
√
2 r1/12(
τ h∗ R−2/3∗ B
)1/4

+ log
(√
τ h∗ R−2/3∗ B r −
√
2
(
τ h∗ R−2/3∗ B
)1/4
r7/12 + r2/3
)
− log
(√
τ h∗ R−2/3∗ B r +
√
2
(
τ h∗ R−2/3∗ B
)1/4
r7/12 + r2/3
) )
.
(C.4)
We note that Eqs. C.3 and C.4 indeed reduce to the one-
component equations for fic = 0.
Appendix D: Visual extinction and decrease in
interstellar UV radiation field throughout the
outflows considered in Sect. 4
Figs. D.1 and D.2 show the visual extinction and decrease in in-
terstellar UV radiation field throughout the one-component and
two-component outflows, respectively, considered in Sect. 4.
Appendix E: Additional molecules
In this Section, abundance profiles and number densities of addi-
tional molecules are shown. The effects of clumpiness and poros-
ity on the chemical formation and destruction pathways of these
molecules are similar to those presented in Sect. 4. For both the
O- and C-rich outflows, we show CH4, H2CO, and C2H2 in anal-
ogy with Agúndez et al. (2010). We additionally show CN and
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Fig. D.1: Visual extinction and decrease in interstellar UV radiation field throughout the one-component outflows shown in Figs. 4
and 6. We note that the models with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm have the same porosity length
h∗ = 2.5 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
the parent species SO for the O-rich outflow (Sect. E.1) and the
recently detected species CH3CN and C4H2 for the C-rich out-
flow (Sect. E.2).
Appendix E.1: O-rich outflows
Figs. E.1 and E.2 show the abundance profiles of CH4, H2CO,
C2H2, SO, and CN for respectively a one-component and two-
component O-rich outflow. The corresponding column densities
are listed in Tables E.1 and E.2.
CH4 and C2H2 are expected to have very low abundances
assuming TE (Agúndez et al. 2010). Similar to the molecules
presented in Sect. 4, we find that a clumpy outflow can increase
their inner wind abundances significantly. The largest effects are
again seen for one-component, highly porous outflows.
H2CO has been detected in IK Tau with an abundance be-
tween 10−7 − 10−8 (Velilla Prieto et al. 2017). Our models with
M˙ = 10−6 M yr−1 give a peak abundance similar to the observed
range for highly porous one-component outflows.
SO is a parent species in the O-rich outflow, and plays an
important role in the formation of CS in the inner wind (Sect.
4.1.3). The decrease in SO abundance is linked to the C abun-
dance (Sect. 4.1.2), and shows that parent species can also be
affected by the clumpiness of the outflow.
CN plays a large role in the formation of HCN (Sect. 4.1.2).
In IK Tau, it is observed in the intermediate wind (at ∼ 1016 cm)
with an abundance between 2×10−10−6×10−8, with a peak abun-
dance of 3×10−7 around 5×1016 cm (Decin et al. 2010b). In TX
Cam, CN has a peak abundance of 2×10−7 (Olofsson et al. 1991),
with an upper limit of 5 × 10−6 (Charnley & Latter 1997). Both
one-component and two-component models with M˙ = 10−6 M
yr−1 have peak abundances within an order of magnitude of those
of IK Tau and TX Cam. We note that this does not only hold for
highly porous outflows. The location of the peak CN abundance
in the outflow of IK Tau is reproduced by one-component and
two-component highly porous models with M˙ = 10−6 M yr−1.
Appendix E.2: C-rich outflows
Figs. E.3 and E.4 show the abundance profiles of OH, H2CO,
HC3N, CH3CN, and C4H2 for a one-component and two-
component C-rich outflow, respectively. The corresponding col-
umn densities are listed in Tables E.3 and E.4. The effects of
clumpiness and porosity on the chemical formation and destruc-
tion pathways of these molecules are similar to those presented
in Sect. 4.2.
OH, H2CO, HC3N are expected to have a low inner wind
abundance assuming TE (Agúndez et al. 2010). Similar to the
molecules presented in Sect. 4, their abundance in the inner re-
gion of the outflow increases when taking clumpiness into ac-
count, with again the largest effects seen in one-component,
highly porous outflows. The abundance of OH is linked to that
of H2O (Sect. 4.2.2).
H2CO has been detected in the outflow of IRC+10216 with
an abundance of 1.3+1.5−0.8 × 10−8 (Ford et al. 2004). Highly porous
models with M˙ = 10−5 M yr−1 have a peak value close to
the observed abundance, both for a one- and a two-component
model.
HC3N is located in a molecular shell around 3 × 1016 cm in
the outflow of IRC+10216 (Agúndez et al. 2017). The location
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Fig. D.2: Visual extinction and decrease in interstellar UV radiation field throughout the two-component outflows shown in Figs. 5
and 7. We note that models with fvol = 0.4 have the same porosity length h∗ = 2.5 × 1013 cm as the one-component models with
fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
of its peak in abundance clearly depends on the specific clumpi-
ness of the outflow.
The observed abundance profile of CH3CN in the outflow of
IRC+10216 has a peculiar shape, which cannot be reproduced
by a smooth outflow model or clumpy outflow model (using the
formalism of Agúndez et al. 2010). Its abundance peaks around
1016 cm at 5.0 × 10−8 (Agúndez et al. 2015). Our one- and two-
component highly porous models have peak abundances within
an order of magnitude of the observed value, with the peak also
occurring around 1016 cm for a highly porous outflow. The one-
component outflows have wider distribution compared to the
two-component outflows.
C4H2 has recently been detected in the outflow of
IRC+10216 with a column density of (2.4 ± 1.5) × 1016 cm−2
(Fonfría et al. 2018). From the analysis of Fonfría et al. (2018),
it is suggested that the photodissociation occurs closer to the cen-
tral star, due to, for example, a clumpy outer envelope. Our mod-
els with M˙ = 10−5 M yr−1 yield a column density close to the
observed value for highly porous one-component outflows.
Appendix F: Predictability of models
We have selected thus far undetected species whose peak abun-
dance and number density change considerably when assuming
a clumpy outflow. These species are selected by requiring that a
clumpy outflow causes both a peak fractional abundance larger
than 1 × 10−9 and an increase in column density relative to the
smooth outflow by at least two orders of magnitude. The abun-
dance profiles and column densities of the selected molecules
are considerably changed in a clumpy outflow, making them po-
tentially detectable.
As in Sect. 4 and Appendix E, highly porous one-component
outflows show the largest increase in both abundance in the inner
region and column density.
Appendix F.1: O-rich outflows
Figs. F.1 and F.2 show the abundance profiles of N2O, C2N, C3H,
C3H2 and OCS for respectively a one- and two-component O-
rich outflow. The corresponding column densities are listed in
Tables F.1 and F.2.
Appendix F.2: C-rich outflows
Figs. F.3 and F.4 show the abundance profiles of CO2, SO2,
HC9N, NO and OCS for a one- and two-component O-rich out-
flow, respectively. The corresponding column densities are listed
in Tables F.3 and F.4.
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Fig. E.1: Abundance of CH4, H2CO, C2H2, SO and CN relative to H2 throughout one-component O-rich outflow with different
mass-loss rates M˙ and clump volume filling factors fvol. Solid black line: calculated abundance for a smooth, uniform outflow.
Solid coloured line: characteristic clump scale l∗ = 5 × 1012 cm, porosity length h∗ = 1 × 1014, 2.5 × 1013, 1.25 × 1013 cm for
fvol = 0.05, 0.2, 0.4, respectively. Dashed coloured line: l∗ = 1013 cm, h∗ = 2 × 1014, 5 × 1013, 2.5 × 1013 cm for fvol = 0.05, 0.2, 0.4,
respectively. Dotted coloured line: l∗ = 5 × 1013 cm, h∗ = 1 × 1015, 2.5 × 1014, 1.25 × 1014 cm for fvol = 0.05, 0.2, 0.4, respectively.
We note that models with fvol = 0.2, l∗ = 5 × 1012 cm (green, solid) and fvol = 0.4, l∗ = 1 × 1013 cm (red, dashed) have the same
porosity length h∗ = 2.5 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
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Fig. E.2: Abundance of CH4, H2CO, C2H2, SO, and CN relative to H2 throughout a two-component O-rich outflow with different
mass-loss rates M˙ and clump volume filling factors fvol. The characteristic size of the clumps at the stellar radius is l∗ = 1013
cm. Blue lines: porosity length h∗ = 2 × 1014 cm. Green lines: h∗ = 5 × 1013 cm. Red lines: h∗ = 2.5 × 1013 cm. Solid black
line: calculated abundance for a smooth, uniform outflow. Solid coloured line: density contrast between the inter-clump and smooth
outflow fic = 0.1. Dashed coloured line: fic = 0.3. Dotted coloured line: fic = 0.5. We note that the models with fvol = 0.4 (red)
have the same porosity length as the one-component outflows with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm.
For reference, 1 R∗ = 5 × 1013 cm.
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Fig. E.3: Abundance of OH, H2CO, HC3N, CH3CN, and C4H2 relative to H2 throughout a one-component C-rich outflow with
different mass-loss rates M˙ and clump volume filling factors fvol. Solid black line: calculated abundance for a smooth, uniform
outflow. Solid coloured line: characteristic clump scale l∗ = 5×1012 cm, porosity length h∗ = 1×1014, 2.5×1013, 1.25×1013 cm for
fvol = 0.05, 0.2, 0.4, respectively. Dashed coloured line: l∗ = 1013 cm, h∗ = 2 × 1014, 5 × 1013, 2.5 × 1013 cm for fvol = 0.05, 0.2, 0.4,
respectively. Dotted coloured line: l∗ = 5 × 1013 cm, h∗ = 1 × 1015, 2.5 × 1014, 1.25 × 1014 cm for fvol = 0.05, 0.2, 0.4, respectively.
We note that models with fvol = 0.2, l∗ = 5 × 1012 cm (green, solid) and fvol = 0.4, l∗ = 1 × 1013 cm (red, dashed) have the same
porosity length h∗ = 2.5 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
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Fig. E.4: Abundance of OH, H2CO, HC3N, CH3CN, and C4H2 relative to H2 throughout a two-component C-rich outflow with
different mass-loss rates M˙ and clump volume filling factors fvol. The characteristic size of the clumps at the stellar radius is
l∗ = 1013 cm. Blue lines: porosity length h∗ = 2 × 1014 cm. Green lines: h∗ = 5 × 1013 cm. Red lines: h∗ = 2.5 × 1013 cm. Solid
black line: calculated abundance for a smooth, uniform outflow. Solid coloured line: density contrast between the inter-clump and
smooth outflow fic = 0.1. Dashed coloured line: fic = 0.3. Dotted coloured line: fic = 0.5. We note that the models with fvol = 0.4
(red) have the same porosity length as the one-component outflows with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013
cm. For reference, 1 R∗ = 5 × 1013 cm.
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Fig. F.1: Abundance of N2O, C2N, C3H, C3H2 and OCS relative to H2 throughout a one-component O-rich outflow with different
mass-loss rates M˙ and clump volume filling factors fvol. Solid black line: calculated abundance for a smooth, uniform outflow.
Solid coloured line: characteristic clump scale l∗ = 5 × 1012 cm, porosity length h∗ = 1 × 1014, 2.5 × 1013, 1.25 × 1013 cm for
fvol = 0.05, 0.2, 0.4, respectively. Dashed coloured line: l∗ = 1013 cm, h∗ = 2 × 1014, 5 × 1013, 2.5 × 1013 cm for fvol = 0.05, 0.2, 0.4,
respectively. Dotted coloured line: l∗ = 5 × 1013 cm, h∗ = 1 × 1015, 2.5 × 1014, 1.25 × 1014 cm for fvol = 0.05, 0.2, 0.4, respectively.
We note that models with fvol = 0.2, l∗ = 5 × 1012 cm (green, solid) and fvol = 0.4, l∗ = 1 × 1013 cm (red, dashed) have the same
porosity length h∗ = 2.5 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
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Fig. F.2: Abundance of N2O, C2N, C3H, C3H2 and OCS relative to H2 throughout a two-component O-rich outflow with different
mass-loss rates M˙ and clump volume filling factors fvol. The characteristic size of the clumps at the stellar radius is l∗ = 1013
cm. Blue lines: porosity length h∗ = 2 × 1014 cm. Green lines: h∗ = 5 × 1013 cm. Red lines: h∗ = 2.5 × 1013 cm. Solid black
line: calculated abundance for a smooth, uniform outflow. Solid coloured line: density contrast between the inter-clump and smooth
outflow fic = 0.1. Dashed coloured line: fic = 0.3. Dotted coloured line: fic = 0.5. We note that the models with fvol = 0.4 (red)
have the same porosity length as the one-component outflows with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm.
For reference, 1 R∗ = 5 × 1013 cm.
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Fig. F.3: Abundance of CO2, SO2, HC9N, NO, and OCS relative to H2 throughout a one-component C-rich outflow with different
mass-loss rates M˙ and clump volume filling factors fvol. Solid black line: calculated abundance for a smooth, uniform outflow.
Solid coloured line: characteristic clump scale l∗ = 5 × 1012 cm, porosity length h∗ = 1 × 1014, 2.5 × 1013, 1.25 × 1013 cm for
fvol = 0.05, 0.2, 0.4, respectively. Dashed coloured line: l∗ = 1013 cm, h∗ = 2 × 1014, 5 × 1013, 2.5 × 1013 cm for fvol = 0.05, 0.2, 0.4,
respectively. Dotted coloured line: l∗ = 5 × 1013 cm, h∗ = 1 × 1015, 2.5 × 1014, 1.25 × 1014 cm for fvol = 0.05, 0.2, 0.4, respectively.
We note that models with fvol = 0.2, l∗ = 5 × 1012 cm (green, solid) and fvol = 0.4, l∗ = 1 × 1013 cm (red, dashed) have the same
porosity length h∗ = 2.5 × 1013 cm. For reference, 1 R∗ = 5 × 1013 cm.
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Fig. F.4: Abundance of CO2, SO2, HC9N, NO, and OCS relative to H2 throughout a two-component C-rich outflow with different
mass-loss rates M˙ and clump volume filling factors fvol. The characteristic size of the clumps at the stellar radius is l∗ = 1013
cm. Blue lines: porosity length h∗ = 2 × 1014 cm. Green lines: h∗ = 5 × 1013 cm. Red lines: h∗ = 2.5 × 1013 cm. Solid black
line: calculated abundance for a smooth, uniform outflow. Solid coloured line: density contrast between the inter-clump and smooth
outflow fic = 0.1. Dashed coloured line: fic = 0.3. Dotted coloured line: fic = 0.5. We note that the models with fvol = 0.4 (red)
have the same porosity length as the one-component outflows with fvol = 0.2, l∗ = 5 × 1012 cm and fvol = 0.4, l∗ = 1 × 1013 cm.
For reference, 1 R∗ = 5 × 1013 cm.
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